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Outline

• Neutrino mixing and “self-coupling”

• Why do collective oscillations occur?

• Where do collective oscillations occur?
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Neutrino Oscillations 
in SNe
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Neutrino Oscillations 
in SNe
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δm2 = −3× 10−3 eV2, θv � 1, Lν = 1051 erg/s
�Eνe� = 11MeV, �Eν̄e� = 16MeV, �Eνx,ν̄x� = 25MeV
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Why?
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Vacuum Oscillations
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MSW Mechanism
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MSW Mechanism
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Collective Oscillations
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Collective Oscillations
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Collective Oscillations

neutral (HD et al, PRD, 2005)

disrupt collective oscillations

homogeneous, isotropic neutrino gas

special axis

d

dt
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Collective Oscillations
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Collective Oscillations
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Where?
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• vacuum term: Λvac=Δm2/2E

• matter (electron) density: Λmat=√2̅GFne

• neutrino density: Λν=√2̅GF(nν-nν̅)

Neutrino Oscillations
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M
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Collective Oscillations
• Λvac depends on neutrino energy ⇒ ΔΛvac: 

dispersion in energies

• ΔΛvac (~ Λvac) ≲ Λν�1-cosΘ�: neutrinos with 
different energies oscillate in phase
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"vac=#m2/2E "!=$2 %GF(n!-n!%)
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Collective Oscillations
• Λvac depends on neutrino energy ⇒ ΔΛvac: 

dispersion in energies

• ΔΛvac (~ Λvac) ≲ Λν�1-cosΘ�: neutrinos with 
different energies oscillate in phase

"!�1-cos&�' r-2 r-2 = r-4

"vac=#m2/2E "!=$2 %GF(n!-n!%)
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Self-Suppression
• ΔΛvac (~ Λvac) ≪ Λν�1-cosΘ�: 

synchronization; no significant oscillations 
unless experiencing MSW resonance          
(Pastor et al 2001, 2002)

• Criterion for significant collective oscillations: 
ΔΛvac (~ Λvac) ~ Λν�1-cosΘ�                     
(Duan, Fuller & Qian, 2005)

"vac=#m2/2E "!=$2 %GF(n!-n!%)
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Matter Suppression

• Λmat ≳ Λν�1-cosΘ�: suppression of collective 
oscillations?

• No. Uniform matter distribution does not 
suppress collective oscillations in the 
homogeneous and isotropic neutrino gas.   
(Duan, Fuller & Qian, 2005)

"mat=$2 %GFne "!=$2 %GF(n!-n!%)
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Matter Suppression
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Matter Suppression
• Dispersion in Λmatdλ/dr: ΔΛmat

• Criterion for significant collective oscillations: 
ΔΛvac + ΔΛmat ~ Λν�1-cosΘ�

• ΔΛmat ≳ Λν�1-cosΘ�⇒ suppression of 

collective oscillations (Esteban-Pretel et al, 2008)

• ΔΛmat∝r-2 ρ(r) ⇒ suppression only at early-

time and/or very close to NS 
"mat=$2 %GFne "!=$2 %GF(n!-n!%)"vac=#m2/2E
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• Λν�1-cosΘ�depends on neutrino emission 
angle ⇒ dispersion in angles ΔΛν (~Λν�1-

cosΘ�)

• Criterion for significant collective oscillations: 
ΔΛvac +ΔΛmat + ΔΛν ~ Λν�1-cosΘ�              
or ΔΛvac ~ ΔΛν  for low matter density          
(Duan & Friedland, 2010; Banerjee, Dighe & Raffelt, 2011)

Multiangle Suppression

"vac=#m2/2E "!=$2 %GF(n!-n!%)
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�Eνe� = 9.4MeV, �Eν̄e� = 13.0MeV, �Eνx,ν̄x� = 15.8MeV

�Lνe� = 4.1 foe, �Lν̄e� = 4.3 foe, �Lνx,ν̄x� = 7.9 foe
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Summaries
• Collective neutrino oscillations can occur 

in dense neutrino media — a result of 
intrinsic symmetry.

• Significant collective oscillations occur 
when neutrino densities are “moderate”.

• Be careful with the single-angle 
approximation.

• More than one collective modes exist — 
phase transition? 


